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While the compromise between strain and aromaticity is a persistent synthetic challenge,[1](#anie201612199-bib-0001){ref-type="ref"}, [2](#anie201612199-bib-0002){ref-type="ref"}, [3](#anie201612199-bib-0003){ref-type="ref"} the bowl shape and electronic properties of corannulene derivatives (buckybowls, Scheme [1](#anie201612199-fig-5001){ref-type="fig"}) imply an unrevealed potential for molecular electronics development similar to their close famous analogues, fullerenes. The main success of the latter in the field of optoelectronics is associated with very fast energy/electron transfer, which has been demonstrated in numerous photophysical studies.[4](#anie201612199-bib-0004){ref-type="ref"}, [5](#anie201612199-bib-0005){ref-type="ref"}, [6](#anie201612199-bib-0006){ref-type="ref"} In contrast, development of buckybowl‐containing materials with desirable properties is still in its infancy. For instance, during the 50 years since the discovery of the first solution route for corannulene preparation (1966),[1](#anie201612199-bib-0001){ref-type="ref"} only around 20 papers[2](#anie201612199-bib-0002){ref-type="ref"}, [7](#anie201612199-bib-0007){ref-type="ref"}, [8](#anie201612199-bib-0008){ref-type="ref"}, [9](#anie201612199-bib-0009){ref-type="ref"}, [10](#anie201612199-bib-0010){ref-type="ref"}, [11](#anie201612199-bib-0011){ref-type="ref"}, [12](#anie201612199-bib-0012){ref-type="ref"}, [13](#anie201612199-bib-0013){ref-type="ref"}, [14](#anie201612199-bib-0014){ref-type="ref"}, [15](#anie201612199-bib-0015){ref-type="ref"}, [16](#anie201612199-bib-0016){ref-type="ref"}, [17](#anie201612199-bib-0017){ref-type="ref"}, [18](#anie201612199-bib-0018){ref-type="ref"}, [19](#anie201612199-bib-0019){ref-type="ref"}, [20](#anie201612199-bib-0020){ref-type="ref"}, [21](#anie201612199-bib-0021){ref-type="ref"}, [22](#anie201612199-bib-0022){ref-type="ref"}, [23](#anie201612199-bib-0023){ref-type="ref"}, [24](#anie201612199-bib-0024){ref-type="ref"}, [25](#anie201612199-bib-0025){ref-type="ref"}, [26](#anie201612199-bib-0026){ref-type="ref"}, [27](#anie201612199-bib-0027){ref-type="ref"}, [28](#anie201612199-bib-0028){ref-type="ref"}, [29](#anie201612199-bib-0029){ref-type="ref"}, [30](#anie201612199-bib-0030){ref-type="ref"}, [31](#anie201612199-bib-0031){ref-type="ref"}, [32](#anie201612199-bib-0032){ref-type="ref"} include any photophysical studies, despite nearly 1000 publications focused on corannulene. To the best of our knowledge, there are only two reports[8](#anie201612199-bib-0008){ref-type="ref"}, [10](#anie201612199-bib-0010){ref-type="ref"} in the area of corannulene solid‐state photophysics. Furthermore, no solid‐state time‐resolved photoluminescence (PL) data or energy transfer (ET) studies have been reported for any corannulene‐containing compounds despite the fact that ET rate and efficiency are crucial fundamental parameters for applications ranging from organic photovoltaics to photocatalysis.[33](#anie201612199-bib-0033){ref-type="ref"}, [34](#anie201612199-bib-0034){ref-type="ref"} This gap in material development was the major driving force to initiate the presented study, especially taking into account the recent progress in corannulene chemistry.[35](#anie201612199-bib-0035){ref-type="ref"}

![A schematic of the hybrid donor--acceptor corannulene‐based material with rapid energy transfer prepared from the corannulene‐based linker. A grey rod represents the donor while the grey plate is an acceptor.](ANIE-56-4525-g005){#anie201612199-fig-5001}

Our shift from more traditional flat aromatic hydrocarbons[36](#anie201612199-bib-0036){ref-type="ref"} towards π‐bowls (for example, corannulene) was also driven by 1) their significant dipole moment, 2) the possibility to extend the dimensionality of 3D hybrid frameworks through the π‐bowl curvature, 3) potential for charge stabilization on the surface owing to doubly degenerate lowest unoccupied molecular orbitals (LUMOs), 4) anticipated effective intermolecular charge transport, and 5) presence of theoretically predicted super atomic molecular orbitals, which are key factors for intermolecular charge/energy transport distinct from the conventional mechanisms involving *π* molecular orbital overlap.[37](#anie201612199-bib-0037){ref-type="ref"}, [38](#anie201612199-bib-0038){ref-type="ref"}, [39](#anie201612199-bib-0039){ref-type="ref"}, [40](#anie201612199-bib-0040){ref-type="ref"}, [41](#anie201612199-bib-0041){ref-type="ref"} The latter two facts were among the main reasons that influenced the choice of the *π*‐bowl, in particular corannulene, in our studies.

Herein, we report the first example of a donor--acceptor (D--A) corannulene‐based material with rapid ligand‐to‐ligand ET, similar to that observed in fullerene‐containing compounds.[4](#anie201612199-bib-0004){ref-type="ref"} The reported hybrid is also the first crystalline buckybowl‐containing extended structure, in which control over corannulene (donor)--acceptor orientation is achieved through covalent bonding (Scheme [1](#anie201612199-fig-5001){ref-type="fig"}). A synthetic route to the novel multidentate building block, which provides the necessary versatility for preparation of crystalline corannulene‐based multidimensional materials, has also been established. To achieve the required D--A spectral overlap and study ET processes, we utilized the advantages offered by well‐defined hybrids including modularity and tunability.[33](#anie201612199-bib-0033){ref-type="ref"}, [34](#anie201612199-bib-0034){ref-type="ref"} Based on time‐resolved PL data and theoretical studies of D--A exciton coupling, the ET efficiency and rate, key factors for application development in the field of optoelectronics,[42](#anie201612199-bib-0042){ref-type="ref"}, [43](#anie201612199-bib-0043){ref-type="ref"}, [44](#anie201612199-bib-0044){ref-type="ref"}, [45](#anie201612199-bib-0045){ref-type="ref"}, [46](#anie201612199-bib-0046){ref-type="ref"}, [47](#anie201612199-bib-0047){ref-type="ref"}, [48](#anie201612199-bib-0048){ref-type="ref"}, [49](#anie201612199-bib-0049){ref-type="ref"} were estimated. Thus, the presented studies provide an opportunity to shed light on ET processes in corannulene‐based material for the first time.

The initial challenge in the preparation of the aforementioned donor--acceptor corannulene materials mainly lies in synthesis of the versatile corannulene‐containing building blocks on gram or larger scales. Therefore, scalability and reaction yield were two initial factors considered for preparation of a novel 4,4′,4′′,4′′′‐(dibenzo\[ghi,mno\]fluoranthene‐1,2,5,6‐tetrayl)tetrapyridine linker (DFTP, Figure [1](#anie201612199-fig-0001){ref-type="fig"} and the Supporting Information, Figure S1 and Scheme S1).

![(top) The single‐crystal X‐ray structure and offset "clamshell" crystal packing of DFTP. Displacement ellipsoids are drawn at the 60 % probability level.[60](#anie201612199-bib-0060){ref-type="ref"} (middle) A synthetic scheme for the DFTP linker. (bottom) Packing of **1** and a part of **1** showing the bowl depth of DFTP. Space‐filling models show the fit of the solvent molecule (benzene) inside **1**.](ANIE-56-4525-g001){#anie201612199-fig-0001}

Figure [1](#anie201612199-fig-0001){ref-type="fig"} demonstrates DFTP molecular packing, which consists of layers containing offset "clamshells", in contrast to many corannulene derivatives exhibiting convex--concave stacking (Supporting Information, Figure S2).[50](#anie201612199-bib-0050){ref-type="ref"}, [51](#anie201612199-bib-0051){ref-type="ref"}, [52](#anie201612199-bib-0052){ref-type="ref"} Further synthetic and characterization details, including cyclic voltammetry of DFTP, can be found in the Supporting Information (Figures S3--S6 and Table S2). Since no solid‐state time‐resolved data are available for any corannulene‐based materials (including parent corannulene (C~20~H~10~)), we have studied the photophysical response of DFTP by steady‐state and time‐resolved photoluminescence spectroscopy, and, therefore, established a reference point for material characterization. The amplitude‐weighted average solid‐state lifetime was found to be 5.9 ns for DFTP, which is shorter compared to the measured values for C~20~H~10~ itself (9.1 ns) or tetrakis(4‐carboxyphenyl)corannulene[8](#anie201612199-bib-0008){ref-type="ref"} (9.6 ns, the instrument response function and PL decays are shown in the Supporting Information, Figure S7).

To test the possibility of DFTP to form extended structures and, therefore, gain structural insights into viable topologies, as well as probe the photophysical properties of DFTP‐based materials, we studied the coordination of DFTP to metal ions. The metal was mainly chosen to prevent material photoluminescence quenching (for example, *d* ^0^ and *d* ^10^ metals). The synthesized two‐dimensional (2D) framework \[Ag~2~(DFTP)~2~\](PF~6~)~2~⋅(C~6~H~6~)~6~⋅(CH~3~CN)~3~ (**1**) was characterized by single‐crystal and powder X‐ray diffraction (PXRD), thermogravimetric analysis, and Fourier transform infrared (FT‐IR) spectroscopy (Figure [1](#anie201612199-fig-0001){ref-type="fig"} and the Supporting Information, Figures S8--S10 and Table S3). The single‐crystal X‐ray studies revealed preservation of the DFTP curvature inside **1**, despite the possibility to flatten or lock the molecular confirmation with high strain energy imposed by framework rigidity.[53](#anie201612199-bib-0053){ref-type="ref"} Indeed, the bowl depth of DFTP inside **1** (0.85 Å, Figure [1](#anie201612199-fig-0001){ref-type="fig"}) is essentially that of parent corannulene (0.87 Å[54](#anie201612199-bib-0054){ref-type="ref"}). Owing to the curvature preservation, the DFTP bowl could fit solvent molecules such as benzene (Figure [1](#anie201612199-fig-0001){ref-type="fig"}). Thus, the curvature of corannulene‐based linkers could pave the way for an extension of framework dimensionality beyond changing the metal node geometry and linker length.

The studies of the photophysical properties of **1** showed ligand‐centered luminescence (Figure [2](#anie201612199-fig-0002){ref-type="fig"} a). The emission maximum of **1** was observed at 503 nm (*λ* ~ex~=350 nm), similar to that for the free ligand (see above). Analysis of the curves with a reconvolution fit supported a triexponential decay model, for which the amplitude‐weighted average lifetime of **1** was found to be 3.4 ns (Figure S7). This lifetime is slightly shorter in comparison with that (4.1 ns) of another example of a corannulene‐based framework, \[Cd~2~(C~48~H~22~O~8~)(DMA)~3~\]⋅(DMA)~1.7~, (DMA=dimethylacetamide) consisting of tetrakis(4‐carboxyphenyl)corannulene linker (see the Supporting Information for Cd‐based framework synthesis and characterization, Figures S11 and S12, and Table S3).

![a) The normalized emission spectrum of **1**. b) Normalized diffuse reflectance (••••) and emission (---) spectra of the porphyrin‐based framework (acceptor). The normalized emission spectrum of DFTP (donor, ---). c) A schematic of donor--acceptor **2**. The normalized diffuse reflectance (••••) and emission (---) spectra of **2**. An excitation wavelength of 350 nm was used to acquire all photoluminescence spectra.](ANIE-56-4525-g002){#anie201612199-fig-0002}

As the next step, we applied our findings to the preparation of a crystalline D--A framework, in which the mutual orientation of the donor (D) and acceptor (A) was controlled through covalent bond formation. In general, for synthesis of D--A materials possessing resonance ET, the emission spectrum of D should overlap with the absorption profile of A.[33](#anie201612199-bib-0033){ref-type="ref"}, [55](#anie201612199-bib-0055){ref-type="ref"} In our case, to design a material in which the corannulene‐based linker, DFTP, could serve as D, we selected 2D Zn~2~(ZnTCPP)[56](#anie201612199-bib-0056){ref-type="ref"} (H~4~TCPP=tetrakis(4‐carboxyphenyl) porphyrin) as A. Figure [2](#anie201612199-fig-0002){ref-type="fig"} b shows the diffuse reflectance profile of A, which absorbs light up to 650 nm, and therefore provides the necessary spectral overlap of its absorption profile with the emission response of DFTP (D).[55](#anie201612199-bib-0055){ref-type="ref"}

For rational D--A organization, we utilized a two‐step synthetic route, which relies on preparation of the Zn~2~(ZnTCPP) scaffold, followed by coordinative immobilization of DFTP (D) as a pillar between the layers (Figure [2](#anie201612199-fig-0002){ref-type="fig"} c and the Supporting Information, Figure S13). In addition to the photophysical requirements, the presence of metal sites, which serve as anchors for coordination of the pyridyl groups, was an additional criterion for framework selection. The coordinative immobilization of DFTP between the Zn~2~(ZnTCPP) layers was achieved by coordination of the pyridyl groups of the linker to the metal in the Zn~2~(O~2~C^−^)~4~ nodes (Figure [2](#anie201612199-fig-0002){ref-type="fig"} c and the Supporting Information, Figure S14) and resulted in formation of \[Zn~2~(ZnTCPP)(DFTP)~0.69~(DMF)~0.31~\]⋅(DMF)~0.3~⋅(H~2~O)~26~ (**2**). The diffuse reflectance and emission profiles of **2** are shown in Figure [2](#anie201612199-fig-0002){ref-type="fig"} c. The latter shows that the incorporation of both donor and acceptor moieties in **2** resulted in the almost complete disappearance of donor emission (Figure [2](#anie201612199-fig-0002){ref-type="fig"} c), which could be attributed to efficient ET. A comprehensive analysis of the prepared D--A material **2** was performed by PXRD, elemental analysis, FT‐IR spectroscopy, epifluorescence microscopy, X‐ray photoelectron spectroscopy, theoretical modeling, NMR spectroscopy, and mass spectrometry (the latter two techniques were performed on digested samples of **2**, Figures S14--S21; more details about characterization of **2** can be found in the Supporting Information).

To quantitatively describe the possibility of resonance ET, time‐resolved photoluminescence spectroscopy was employed. In particular, analysis of time‐resolved PL decays was performed for D (DFTP) in the absence and presence of A (Zn~2~(ZnTCPP)). The emission wavelength channel was configured to capture the DFTP emission and exclude the PL response of the porphyrin‐based acceptors. Figure [3](#anie201612199-fig-0003){ref-type="fig"} shows that the time‐resolved photoluminescence curve for coordinatively immobilized DFTP in the presence of the porphyrin‐containing acceptor decays more rapidly than that of non‐coordinated DFTP. Analysis of the curves with a reconvolution fit supported a triexponential decay model, which revealed an 85 % reduction of the amplitude‐weighted average lifetime, from 5.9 ns (DFTP) to 0.85 ns (**2**).

![(left) Fluorescence decays of DFTP in the solid state (top) and coordinatively immobilized inside the crystalline donor--acceptor corannulene‐based scaffold (bottom). (right) Förster analysis of **2** illustrating the spectral overlap function (‐ ‐ ‐ ‐, left vertical axis) calculated for the measured emission spectrum of DFTP (dotted grey line, arbitrary scale) and the molar extinction spectrum of H~4~TCPP in ethanol (solid grey line, right vertical axis).](ANIE-56-4525-g003){#anie201612199-fig-0003}

As the first approximation to estimate ET rate (*k* ~ET~) and efficiency, we applied the classical Förster resonance ET approach \[Eq. (S3), see the Supporting Information\],[55](#anie201612199-bib-0055){ref-type="ref"} in which the corresponding ET efficiency and *k* ~ET~ in **2** were found to be 85 % and 1.01×10^9^ s^−1^, respectively. Notably, the observed ligand‐to‐ligand ET efficiency is approximately 1.7‐fold higher than that reported for a recent fullerene‐based hybrid material, in which the fullerene‐based linker serves as an acceptor.[57](#anie201612199-bib-0057){ref-type="ref"} To address the possibility of resonance ET within this model, we estimated the Förster critical transfer radius, *R* ~o~, for randomly‐oriented point dipoles with the same spectral overlap, *J*, as the DFTP (D) and 2D porphyrin‐based A, which was *J=*8.3×10^−14^ cm^3^  [m]{.smallcaps} ^−1^ \[Eq. (S4), Figure [3](#anie201612199-fig-0003){ref-type="fig"}\].[55](#anie201612199-bib-0055){ref-type="ref"} The resulting *R* ~o~ value of approximately 31 Å \[Eq. (S5)\] is far beyond the D--A distance approximated from the structural data. Therefore, we could attribute the observed changes in the D profile after coordinative immobilization to resonance ET.

To apply a more generalized approach, which would allow estimation of *k* ~ET~ beyond the point‐dipole model described above, we have also calculated *k* ~ET~ based on *k* ~ET~=2π*V* ^2^  *J* ~e~/ħ[58](#anie201612199-bib-0058){ref-type="ref"} \[where *V=*D--A exciton coupling and *J* ~e~=spectral overlap function,[58](#anie201612199-bib-0058){ref-type="ref"} calculated from Eq. (S6)\]. While *J* ~e~ was estimated from the experimental data \[Eq. (S6)\], *V* was obtained from ab initio calculations based on structural data for **2** \[Eq. (S11)\]. Previous theoretical studies for a similar class of hybrid systems demonstrated that frontier orbitals have a localized nature near the Fermi level.[57](#anie201612199-bib-0057){ref-type="ref"} Similarly, the periodic hybrid material **2** will have no dispersion of relevant bands. Therefore, a truncated model, instead of the complete 3D periodic D--A framework, was utilized for theoretical studies. For estimation of *V*, we employed recent theoretical models focusing on strong orbital coupling, since in our case, D and A are covalently bonded (the model description and specific equations can be found in the Supporting Information). Figure [4](#anie201612199-fig-0004){ref-type="fig"} shows an excited state diagram complemented by molecular orbitals contributing to the excitations. The first four excited states of the truncated model of **2** are represented by two‐fold degenerated excitations (Q‐type and Soret bands) in the H~4~ZnTCPP fragment, with energies of approximately 2.2 eV and 3.3 eV, respectively. The excited state that dominated the excitation of DFTP has an energy of 3.7 eV (*λ* ~ex~=3.54 eV). Therefore, there are two possible ET mechanisms in the considered model. The first mechanism involves a direct coupling between S~1~ ^D^ and S~1~ ^A^/S~2~ ^A^ states. The alternative route includes the formation of a charge transfer (CT) complex, with a CT excitation energy of 3.4 eV. In the latter case, the excitation will still be localized on the DFTP fragment, which could result in PL quenching, assuming large exciton coupling between CT and S~1~ ^A^/S~2~ ^A^ states. According to our calculations, the S~1~ ^D^↔S~1~ ^A^ excitations have a large coupling *V=*200 meV \[Eq. (S11)\], while estimated coupling in the case of other possibilities (S~1~ ^D^↔S~2~ ^A^, CT↔S~1~ ^A^, CT↔S~2~ ^A^) is much smaller (ca. 1 meV). Moreover, the CT excitation molecular orbitals (HOMO and LUMO−2) are arranged almost orthogonally, which suggests a small probability of electron transfer. Based on those considerations, we may conclude that the ET process, S~1~ ^D^↔S~1~ ^A^, is likely to be a dominating relaxation mechanism in the D--A system. Taking into account the estimated values of exciton coupling, *V*, and spectral overlap function, *J* ~e~ \[1.2×10^−4^ eV^−1^, Eq. (S6)\], we found *k* ~ET~ to be 4.5×10^10^ s^−1^. Thus, both models for *k* ~ET~ predict rapid ET in the prepared D--A system. In spite of the donating role of DFTP in the presented studies, consideration of corannulene as the smallest bowl‐shaped fullerene fragment provoked us to analyze the ET rates previously reported for D--A fullerene‐based scaffolds. For instance, *k* ~ET~ in an example with a porphyrin (D)--fullerene (A) system was 5.0×10^9^ s^−1^,[59](#anie201612199-bib-0059){ref-type="ref"} which is comparable with the rate observed in our corannulene--porphyrin‐based D--A framework.

![A schematic of the excitation diagram and most prominent molecular orbitals of each excitation.](ANIE-56-4525-g004){#anie201612199-fig-0004}

The foregoing results demonstrate the first example of a D--A corannulene‐based material **2** with rapid ligand‐to‐ligand ET. Preparation of **2** was possible due to the synthesis of the novel multidentate building block, DFTP, suitable for the preparation of multidimensional corannulene‐based materials such as **1** and **2**, available on a gram‐scale due to recent achievements in corannulene chemistry. The presented study is also the first report of solid‐stale time‐resolved PL data collected for any corannulene‐containing compound, including parent C~20~H~10~. Comprehensive analysis of PL decays in combination with theoretical studies of spectral overlap function and D--A exciton coupling revealed that the ligand‐to‐ligand ET rate estimated from two models is comparable with that observed in fullerene‐containing materials, which are generally considered as building blocks for molecular electronics development. In addition, the ligand‐to‐ligand ET efficiency of **2** is 1.7‐fold higher than that estimated for the fullerene--porphyrin hybrid material.[57](#anie201612199-bib-0057){ref-type="ref"}

To summarize, by using theoretical modeling in combination with spectroscopic studies, we shed light on solid‐state photophysics (including the possible mechanisms of energy transfer) of a D--A corannulene‐containing framework, which is crucial fundamental knowledge required for the successful implementation of any corannulene derivative in a wide number applications ranging from solar cells to photocatalysts, as well as sensors and photoswitches. Thus, the presented study not only demonstrates the possibility of merging the intrinsic properties of π‐bowls with the versatility of metal--organic frameworks but could also foreshadow the engineering of a novel class of corannulene‐based hybrid materials for optoelectronic devices.
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